Summary 1. Tetraethylammonium (TEA) augmented the amplitude of the later phase of the post-tetanic hyperpolarization (PTH) in bullfrog sympathetic ganglion cells. The present report deals with the mechanism underlying the later phase (the late slow component )of PTH. 2. The late slow component persisted in the presence of ouabain, suggesting that it was not associated with the activation of the Na pump. 3. The membrane conductance was increased during the development of the late slow component. The polarity of the late slow component was reversed when the conditioning hyperpolarization exceeded the potassium equilibrium potential. 4. The amplitude of the late slow component was increased in the potassium-free solution and decreased in the potassium-rich solution, and was not affected by replacing external chloride ions with methylsulfate ions. 5. The late slow component was abolished in the low-calcium solution or in the solution containing manganese ions, whereas it was augmented in the calcium-rich solution. 6. These results suggest that the late slow component is produced by an increase in potassium conductance of the cell membrane, which is caused by an increase in the calcium influx during the generation of action potentials.
The present analysis has been focused on the ionic mechanism of the later phase, which was markedly enhanced by tetraethylammonium (TEA), of the PTH. This later phase of the PTH will be referred to as the late slow component in this report. The results obtained altogether indicate that the entire time course of the late slow component is caused by a sustained increase in potassium conductance. This study further clarifies that the entry of calcium ions during repetitive firings of the cell membrane plays an important role in the generation of the late slow component of PTH.
A preliminary account of the present study has been published elsewhere (MINOTA and KOKETSU, 1973 
RESULTS
The effect of TEA When a ganglion cell was activated antidromically by applying a train of repetitive electrical pulses (30/sec for 4 sec) to the postganglionic nerve fibres, the post-tetanic hyperpolarization (PTH) which was sustained for more than one minute could be recorded intracellularly after spike burst responses of a cell, as shown in Record 1 of Fig. 1 The later phase (the late slow component) of PTH was found to be very sensitive to the action of tetraethylammonium (TEA). The amplitude and duration of the late slow component was markedly augmented when the ganglion cell was immersed in the solution containing TEA, as shown in Records 2, 3, and 4 of A in Fig. 1 . The records were made after leaving the cell for 5 min in the solution containing 2, 5 and 10mM TEA, respectively. Under the effect of 5mM Fig. 1 . Effects of TEA on PTH and a single spike. Records 1 in both A and B were taken from the same cell in normal Ringer's solution. Records 2, 3 and 4 in both A and B were taken after leaving the ganglion cell for 5 min in the solution containing 2, 5 and 10mM TEA, respectively. The PTH elicited after the ganglion cell was stimulated antidromically during 4 sec at a rate of 30/sec. The spikes are off the trace at the amplification used in A. Ringer's solution, and the duration of this component was also prolonged by a factor of two. These results indicate that the augmentation of the late slow component was not simply due to the membrane depolarization caused by the action of TEA. Single action potentials were also affected by the action of TEA as shown in Records 2, 3, and 4 of B. The peak amplitude of after-hyperpolarization was depressed and the duration of action potential was prolonged. These actions of TEA, however, did not interfere with the occurrence of repetitive firings of cells during the repetitive electrical stimulations (30/sec for 4 sec) applied to the postganglionic nerve fibres.
It will be convenient to analyze the mechanism of the late slow component under the effect of TEA, because the action of TEA could provide a key to understanding the mechanism underlying the late slow component of the PTH.
The effect of ouabain
If the late slow component of PTH is a result of an enhanced activity of the electrogenic Na pump, after a spike burst response of cells (DEN HERTOG and RITCHIE, 1969; SOKOLOVE and COOKE, 1971) , the late slow component will be augmented by the action of TEA which decreases the membrane conductance of cells. If this is the case, ouabain will depress the late slow component of the PTH, as in other preparations (BAYLOR and NICHOLLS, 1969; SOKOLOVE and COOKE, 1971; JANSEN and NICHOLLS, 1973) . In order to investigate this possibility, the effect of ouabain on the late slow component was examined. Figure 2 shows the effect of ouabain on the late slow component. As shown in Record 2 of this figure, the late slow component was not affected for 30 min in the solution containing 10-5 M ouabain (3 cells). This result suggests that the generation of the late slow component is not due to an activation of the electrogenic Na pump, and furthermore, that the occurrence of the late slow component is not associated with an activation of the electroneutral Na pump (RITCHIE and STRAUB, 1957) Resistance change during the late slow component Changes in the membrane resistance of cells were measured in order to study the changes in the ionic conductance during the development of the late slow component of PTH. As shown in Fig. 3 , the resistance of the ganglion cell was measured before and after a tetanus produced by anodal square pulses (50 msec) at regular intervals of about 3 sec; a decreased amplitude of the electrotonic potential indicates lowered membrane resistance. In the normal Ringer's solution, the membrane resistance decreased by 15 % at the peak of the late slow component, Fig. 3 . Reduction of the membrane resistance during the late slow component.
Records 1 and 2 were taken in normal Ringer's solution and 5 min after introduction of 5 mM TEA, respectively. The electrotonic potentials, which are superimposed on the traces, are generated by constant current pulses (intensity : 1.8 x 10-10 A in 1, 1.2 x 10-10 A in 2; duration: 50 msec). The PTH elicited after stimulation of the cell at 30/sec for 4 sec.
as shown in Record I. When the amplitude of the late slow component was increased by the action of 5 mM TEA, the reduction of the membrane resistance became more prominent, namely, the resistance decreased by about 40 % at the peak of the late slow component as shown in Record 2.
The reduction of the membrane resistance indicates that the membrane conductance for potassium and/or chloride ions may be increased during the development of the late slow component, because this component is the hyperpolarizing response.
Reversal of the late slow component
If an increased permeability to potassium ions is responsible for the late slow component of PTH, this component should reverse polarity when the membrane potential is shifted to a value, which is more negative than Ek, by an electrical current. In order to determine the equilibrium potential of the late slow component, the ganglion cells were hyperpolarized by a constant anodal current. Single action potentials at each level of the membrane potential were also recorded to determine the potassium equilibrium potential, which could be estimated by the reversal level of the after-hyperpolarization of an action potential.
An example of these experiments is given in Fig. 4 . When the membrane potential was changed from -66 mV to -74 mV by a constant conditioning anodal current applied to the membrane, the amplitude of the late slow component was decreased by 50 %. When the membrane was hyperpolarized to the level of the late slow component was slightly reversed in polarity. Under this potential level, the after-hyperpolarization of an action potential was also slightly reversed in polarity. The reversal of this component was more prominent when the ganglion cell membrane was hyperpolarized from -88 mV to -98 mV. Figure 5 , which represents the relation between conditioning hyperpolarization (abscissa) and the after-potentials (ordinate), clearly shows the good coincidence of the reversal potentials between the after-hyperpolarization of an action potential (open circles) and the late slow component (filled circles). In the case shown in Fig. 5 , the reversal level of the late slow component was -83 mV. These results suggest that the late slow component of PTH is generated by Fig. 4 . Effects of conditioning hyperpolarization on the after-potentials. A and B show the after-hyperpolarization of an action potential and the PTH, respectively. A and B were recorded from the same cell. Top records in A and B show the after-potentials at the membrane potential without conditioning current. With conditioning hyperpolarizations, the amplitude of the after-potentials were reduced and finally reversed in polarity. The membrane potentials are indicated by numbers at the left. The PTH elicited after stimulation of the cell at 30/sec for 2 sec. Open circles indicate the amplitude of the after-hyperpolarization of action potentials measured 10 msec after the onset of the spike. Filled circles indicate the peak amplitude of the late slow component of the PTH. Negativity on the ordinate denotes the hyperpolarizing direction. The vertical interrupted line is the potential level without conditioning current. Specimen records are illustrated in Fig. 4. an increase in the membrane conductance for potassium ions.
The effect of external potassium concentration
It was found that the amplitude of the late slow component was affected by the changes of the external potassium concentration in the presence of 5mM TEA. When the ganglion cells were immersed in a potassium-free solution, the amplitude of this component increased by 20% (mean value, 18.5+2.8 S.D. (%) in 4 cells) at the peak of the late slow component. The amplitude of the late slow component, on the other hand, decreased by 17% (mean value, 16.5+2.1 S.D. (%) in 3 cells) when the ganglion cells were immersed in a solution containing 10mM potassium. These effects were rapidly reversed when the ganglion cells were reimmersed in the solution containing 2mm potassium.
These results support the preceding conclusion that an increase in potassium conductance of the membrane is associated with the production of the late slow component.
The effect of chloride replacement
If a change in chloride conductance is responsible for the production of the late slow component of PTH, the amplitude of this component would be affected by replacing the external chloride ions with other anions, which would not be permeable through the membrane, such as methylsulfate ions (SATO et al., 1968) . No obvious changes, however, were observed in the amplitude and duration of the late slow component after leaving the ganglion cells for 10 min in the solution in which 112 mm NaCl were replaced with an equivalent amount of sodium methylsulfate. The resting membrane potential, membrane resistance, and action potential also were not changed in this solution (4 experiments).
These observations exclude the possibility that the late slow component will be elicited by an increase in chloride conductance.
The effect of external calcium concentration
In order to determine the effect of calcium ions on the late slow component of PTH, the effect of changing the external calcium concentration was studied.
A in Fig. 6 shows the effect of a low-calcium (0.18 mm) solution on the late In A, records were obtained before (1) and 5 min after (2) the external Ca concentration was reduced from 1.8 to 0.18 mm, and 5 min later (3), it was changed back again to 1.8 mM. In B, records were obtained before (1) and 5 min after (2) the external Ca concentration was increased from 1.8 to 9 mm, and 5 min later (3), it was changed back again to 1.8 mM. 5 mm TEA was added to the solution. The PTH elicited after stimulation of the cell at 30/sec for 4 sec. Figure 7 shows the effect of manganese on the late slow component. As shown in Record 2 of this figure, the late slow component disappeared completely after the ganglion cells were immersed for 5 min in the solution containing 2 mm manganese (4 cells). This effect of manganese was rapidly reversible upon its removal. This result indicates that the entry of calcium ions into the membrane during activation of the cells must be required for the occurrence of the late slow component.
DISCUSSION
There are many reports described about the mechanism of PTH in different preparations. According to these reports, PTH may result from at least three classes of mechanisms : First, the depletion of potassium ions from the space immediately outside the membrane could be responsible for PTH, and this situation would occur when the activity of an electroneutral Na-K pump is enhanced (RITCHIE and STRAUB, 1957) . Second, the hyperpolarization of the membrane could be produced if an electrogenic Na pump is activated after repetitive firing of the cells (CONNELLY, 1959; STRAUB, 1961; NAKAJIMA and TAKAHASHI 1966; RANG and RITCHIE, 1968; DEN HERTOG and RITCHIE, 1969; KUNO et al., 1970; SOKOLOVE and COOKE, 1971) . Third, an increase in potassium conductance of the membrane can directly produce the hyperpolarization of the membrane (MEVES, 1961; GAGE and HUBBARD, 1964; BRODWICK and JUNGE, 1972) .
The late slow component was not depressed by ouabain. As already described in the results, this indicates that the occurrence of the late slow component is not associated with the activation of the Na pump.
The reduction of the membrane resistance during the late slow component (Fig. 3) indicates that an increase in the membrane conductance for some ions contributes to the occurrence of the late slow component. The best evidence for potassium conductance being involved in this component was obtained in experiments which were treated to determine the reversal potential of this component, viz., the polarity of the late slow component was reversed at the level which exceeded the potassium equilibrium potential (Fig. 5) .
The mechanism underlying the late slow component of PTH seems to differ from the third case of mechanisms, because TEA could not depress the late slow component. TEA augmented the late slow component, which was produced by the increase in potassium conductance of the membrane (Fig. 1) . It is difficult to explain this effect, because TEA is well known to inhibit potassium conductance (HILLE, 1967) . It must be, however, kept in mind that TEA may not only depress potassium conductance, but also increase in total amount the influx of calcium ions during activity of the cells (KATZ and MILEDI, 1969) .
In 1968, WHITTAM suggested that an increase in the intracellular concentration of calcium ions may mediate the rise in potassium conductance of red blood cells. MEECH and STRUMWASSER (1970) and MEECH (1972) have recently presented the interesting report that intracellular calcium injection caused an increase in potassium conductance in Aplysia nerve cells. In several instances, it has been demonstrated that calcium enters nerve cells during the action potential (GEDULDIG and JUNGE, 1968; BAKER et al., 1971) . It is also known that the present preparations produce a Ca-spike in an isotonic CaCl2 solution containing no Na ions (KOKETSU and NISHI, 1969) . It is, therefore, possible that the intracellular calcium concentration of the cells would be increased by the influx of calcium ions during activities of the cells. Such an increase in the intracellular calcium concentration would then increase the potassium conductance of the membrane, which is responsible for the generation of the late slow component of PTH. If this is the case, an augmentation of the late slow component would be expected in the presence of TEA, since an increase in the intracellular calcium concentration would be enhanced by an action of this drug (KATZ and MILEDI, 1969) . The disappearance of the late slow component in the low calcium solution and/or in the solution containing manganese (Figs. 6, 7) supports this assumption and suggests that calcium entry during activities of the cells is required to produce the long-lasting potassium conductance changes. The similar effect of calcium on hyperpolarization has been demonstrated independently in the central nervous system of the leech (JANSEN and NICHOLLS, 1973) .
PTH of the present preparations was analyzed to some extent by KOKETSU (1971), who reported that PTH might be composed of two classes of mechanisms, viz., a large delayed increase in potassium conductance, and an activation of the electrogenic Na pump. The PTH which was analyzed by KOKETSU (1971) does not seem to contain the late slow component observed in the present report, because its duration is very short (less than 15 sec) as compared with that of the late slow component (over 1 min).
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